Kinetics, equilibrium and thermodynamic studies of clavulanic acid adsorption onto hydrotalcites have been conducted with the aim of selecting the best conditions for biomolecular separation. For this purpose, hydrotalcites of different compositions (containing 30, 63 and 70% MgO in their compositions) were tested, with and without pre-treatment (uncalcined and calcined). A model was obtained to predict the degradation constant. This model may be useful in predicting the extent of clavulanic acid hydrolysis in the adsorption process. Adsorption studies were performed in stirred batch glass reactors. Assays were performed using solutions under different conditions, as well as variable solid/liquid ratios.
INTRODUCTION
Many valuable bio-products are obtained via fermentation processes. Since nearly 90% of the production costs of biomolecules can be attributed to the downstream step (Moraes et al. 2009 ), innovative processes in this field can contribute not only to new technical aspects, but also to considerable reductions in the total production costs and improved sustainability. Thus, new challenges involving separation and purification processes are constantly being considered by various industries. Saudagar et al. (2008) have shown that clavulanic acid (CA) is the main β-lactam component produced by Streptomyces clavuligerus. It is considered to be a potential inhibitor of β-lactamases, which are enzymes that hydrolyze β-lactam antibiotics and reduce their efficiency. Products found on the market with CA in their composition are responsible for financial activities amounting to about US $2 billion in more than 150 countries (Elander 2003) .
The technique most commonly employed for the separation and purification of CA is ion exchange as reported by Silva et al. (2009) and Barboza et al. (2003) . In order to develop new techniques which are economically and industrially viable, new low-cost adsorbents need to be studied in order to reduce the costs associated with such processes. However, the reported yields for ion-exchange adsorption and liquid-liquid extraction processes involving CA are commonly low. In fact, the extremely unstable structure of this molecule leads to its rapid degradation under normal processing conditions. Thus, to design effective and selective separation processes, knowledge of how the operating conditions affect the adsorption kinetics and equilibrium is required, as well as the selection of a suitable adsorbent that fulfils the technical and economic requirements necessary to make the process feasible. In addition, estimation of CA hydrolysis rates is important due to its instability under certain temperature and pH conditions (Santos et al. 2009; Bersanetti et al. 2005) .
Alternative adsorbents such as active carbon, hydrotalcites, zeolites and carbon molecular sieves have been reported for the separation, purification and immobilization of biomolecules such as sugars, amino acids, antibiotics or enzymes (Kuhn and Maugeri Filho 2010; Forte and Maugeri Filho 2007; Chang et al. 2006; Hibino 2004; Boon et al. 2000; Yu et al. 1998) .
Layered double hydroxides (LDHs) are lamellar mixed hydroxides containing positively charged structural layers capable of anion-exchange. These layers consist essentially of divalent and trivalent cations and hydroxyl anions, while the interlayer domain of LDHs is mainly constituted of water molecules and anions (Goh et al. 2008 ). Because of their unique layered structure and anion-exchange capabilities, LDHs have recently received considerable attention. LDHs have widespread applications and a variety of layered materials have been synthesized by different methods (Tang et al. 2008) . The most interesting properties of LDHs include large surface areas, high anion-exchange capacities (which are comparable to those of anion-exchange resins) and good thermal stabilities (Goh et al. 2008) .
Hydrotalcites comprise one of the most representative minerals of the group whose divalent and trivalent cations and intercalated anions are Mg 2+ , Al 3+ and CO 2− 3 , respectively. The chemical formula of hydrotalcite may be written as Mg 0.75 Al 0.25 (OH) 2 (CO 3 ) 0.50 •0.5H 2 O and abbreviated to [Mg-Al-CO 3 ] (Forano et al. 2006) . Due to the presence of large interlayer spaces and the significant number of exchangeable anions, hydrotalcites have the potential to be good ion-exchangers and adsorbents for a diverse number of inorganic and organic anions (Bonina et al. 2008; Laguna et al. 2007; Yang et al. 2006; Lv et al. 2006; Dupin et al. 2004; Orthman et al. 2003; Inacio et al. 2001; Cai et al. 1994; Hermosin et al. 1994) .
CA molecules are negatively charged under optimal conditions and the use of hydrotalcites as adsorbents for these molecules represents an interesting alternative to conventional methods for the separation of components from fermentation broths. For this reason, kinetics, equilibrium and thermodynamic studies on the adsorption of CA adsorption in hydrotalcites have been undertaken in the present work with the objective of characterizing the adsorption process and selecting the best conditions for separation.
METHODOLOGY

Clavulanic acid analysis
CA concentrations were determined by spectrophotometric analysis of the product derived from the reaction of CA with imidazole. The classical method reported by Bird et al. (1982) was used employing Clavulin ® as the standard. Analyses were carried out using a DU ® 640 (Beckman Coulter, U.S.A.) spectrophotometer.
Hydrotalcites
The different hydrotalcites [Mg-Al-CO 3 ] were kindly donated by Sasol GmbH, Hamburg, Germany. The various products, viz. PURAL ® MG 30, PURAL ® MG 63HT and PURAL ® MG 70 (30, 63 and 70% MgO composition, respectively), with and without pre-treatment (uncalcined and calcined at 500 °C for 4 h), gave a total of six different adsorbent conditions. These adsorbents were sieved into fractions with mesh sizes between 65 and 270 (53-212 µm) and are referred to as HT30, HT63, HT70, HT30c, HT63c and HT70c below, where the numerals represent the percentage of MgO in the hydrotalcite while the index "c" indicates calcined adsorbents.
Characterization of adsorbents
The adsorbents were characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM). Powder XRD patterns were recorded in a Shimadzu XRD7000 instrument using Cu Kα radiation at a scanning rate of 2°(2θ) at room temperature. The FT-IR spectra were measured at 4 cm −1 resolution at room temperature on a Nicolet 6700 spectrometer employing KBr pellets. SEM images were captured using a JEOL JSM-5900LV microscope in the Brazilian Synchrotron Light Laboratory (LNLS)/Brazilian Biosciences National Laboratory (LNBio), Campinas, Brazil at an accelerating voltage of 15 kV.
Batch adsorption
Experiments were carried out isothermally employing stirred glass reactors containing 100 m of a CA solution (from the pharmaceutical product Clavulin ® ) and hydrotalcite. Runs were performed using two solvents for the CA solutions, i.e. distilled water and a 0.2 M phosphate buffer solution at pH 6.6. A variable solid fraction was used in the reactor (ε st ). Initial pH values were obtained using 0.1 M and 1.0 M HCl solutions. Samples were periodically withdrawn from the reactors and their CA concentrations determined. The most suitable experimental conditions and the most appropriate adsorbents were determined on the basis of these experiments, the adsorbent selected being that used in subsequent tests. Adsorption profiles were evaluated from the relative concentration at equilibrium (C*/C 0 ) and the adsorption capacity (q*) as determined from equation (1) below:
(1)
The mass of hydrolyzed CA was estimated from the hydrolysis coefficient, which was determined by factorial design and was considered in the adsorption processes. 
Estimation of the hydrolysis coefficient using factorial design
CA is an unstable molecule which can undergo significant hydrolysis during adsorption processes. Various authors have studied the stability of CA under temperature, pH and buffer concentration (ionic strength) conditions (Santos et al. 2009; Bersanetti et al. 2005 ). However, no such studies have been undertaken where simultaneous changes of these factors, as predicted by the factorial design technique, have been examined. For this purpose, a mathematical model capable of estimating CA hydrolysis as a function of the experimental conditions is required, since some relevant factors -the pH, for example -may not be constant during the process. The CA hydrolysis parameter was evaluated via a Central Composite Rotatable Design (CCRD) (Rodrigues and Iemma 2009) in which the temperature, pH and buffer concentration are considered as independent factors.
Equilibrium isotherms
Adsorption equilibrium was evaluated from the adsorption isotherms determined using the same experimental apparatus as the kinetic studies, the amount of CA adsorbed at equilibrium (the adsorption capacity) being calculated via equation (1) above. Different isotherm models were employed to fit the experimental results, thereby allowing the most appropriate for the system to be obtained. The models tested were the linear, Langmuir and Freundlich models, which may be expressed mathematically as in equations (2) to (4), respectively:
(2)
(4)
RESULTS AND DISCUSSION
Clavulanic acid hydrolysis
Hydrolysis was evaluated as a function of temperature (T), pH and buffer concentration (B) as experimental parameters (factors), using a Central Composite Rotatable Design (CCRD). The ranges of T, pH and B were from 10-40 °C, 5.0-10.0 and 5.0-50.0 mM, respectively, as listed in Table 1 overleaf. It can be observed from the data recorded in the table that temperature and pH played an important role in CA hydrolysis. The lowest hydrolysis constant (K h = 2.04 × 10 -3 h -1 ) occurred in Run 5, where the temperature and the pH were at their lowest levels (T = 16.0 °C and pH = 6.0) and the buffer concentration was 41.0 mM. Increasing the temperature (T) from 10 o C to 40 °C caused an increase in K h from 4.30 h -1 to 25.00 h -1 . With respect to the other factors in Table 1 , it can be seen that K h increased f r o m 5.95 h -1 to 108.81 h -1 when the pH increased from 5.0 to 10.0 , and from 6.75 h -1 to 9.67 h -1 q K C when the buffer concentration (B) was increased from 5.0 mM to 50.0 mM. These results suggest that the most significant influences were due to both temperature and pH. The effect of buffer concentration was not significant at the studied levels and was thus removed from the model [equation (5)], except for the effect arising from its interaction with temperature which was significant. Also, in this model, other interactions between pH, T and B were not significant, as were the second-order terms for T and B which were consequently excluded as well.
The analysis of variance (ANOVA), considering only the significant terms, is presented in Table 2 . According to this analysis, the variance was well explained (R 2 = 0.943) and the test was satisfactory, since the calculated F value (F calc = 49.53) was more than 15-times greater than the listed value (F list = 3.26) (Rodrigues and Iemma 2009) . Thus, the proposed model was considered adequate to explain the phenomenon, which is represented in a coded form by equation (5). In this equation, an unusual logarithmic form of K h was adopted since its variation was quite high, from 2.04 h -1 in Run 5 to 108.81 h -1 in Run 12, which hindered the fitting of the model. The logarithmic form adopted provided a way of smoothing this variation so that the fit was improved:
The contour curves related to the model are shown in Figure 1 . It will be seen from the figure that the higher the temperature and pH, the higher the rate of CA hydrolysis. Minimal CA degradation occurred at lower temperatures and neutral pH (6 < pH < 7). According to Bersanetti et al. (2005) , the optimal conditions for CA stability are low temperatures (as low as possible) and pH 6.2. The results of the present study are similar to those reported in the literature. However, the use of the factorial design technique allowed the interaction effects between temperature and buffer concentration (which
. is related to ionic strength) to be visualized (see Figure 2 overleaf), since this latter parameter did not have a significant influence (as a principal effect) on the hydrolysis of CA. The model [equation (5)], which predicts that CA degradation depended on the environment conditions (temperature and pH), was then used in the adsorption calculations.
Adsorption kinetics
A temperature of 30 °C was adopted for the assays undertaken to study the kinetics of the adsorption process, since the greatest adsorption was achieved at this temperature although the degradation of CA was high at this temperature. Differences in the degradation rate between that at 30 °C and at the lower temperatures used in industrial practice (15-20 °C) were not very high nor important at this stage of the study. On the other hand, the adsorption characteristics improved at this higher temperature. An initial solid/liquid ratio (ε st ) equal to 30.0 mg/m was employed. The CA solutions were prepared with phosphate buffer (0.2 M at pH 6.6). Buffered solutions were used to evaluate the kinetics under different conditions of pH and buffer concentration. The results for uncalcined and calcined adsorbents are shown in Figure 3 overleaf. The data depicted in this figure show that calcination did not lead to improved adsorption, as adsorption under different conditions was very similar, viz. C*/C 0 = 0.872, 0.840, 0.916, 0.862, 0.814 and 0.736 for the HT30, HT63, HT70, HT30c, HT63c and HT70c hydrotalcites, respectively. According to the Tukey's average test for triplicates of C*/C 0 for each adsorbent, the HT70c hydrotalcite presented the best results with a 95% confidence limit (α = 0.05). However, the adsorption capacities observed in the present study must be considered to be low relative to the capacities reported for this material in the literature. This fact may be explained by competition caused by the presence of phosphate anions present in the buffer. These anions are considerably smaller than the CA anion and may have hindered the CA adsorption process. Other studies have indicated the ability of LDHs to capture phosphate anions (Goh et al. 2008) .
Although the initial pH value of the CA solutions was set between 5.5 and 6.0, the pH increased abruptly to 9.0 immediately after the addition of hydrotalcite. Increases in pH have been reported in other studies employing LDHs in adsorption systems (Yang et al. 2006; Seida et al. 2001; Kang et al. 1999) . In these works, this problem was solved using pH control systems (2 < pH < 11) through the addition of NaOH, NH 4 OH, HCl or HNO 3 solutions, ranging in concentration from 0.01 M to 1.00 M. However, in the present work, the rapid increase in the pH on hydrotalcite addition prevented its control. Furthermore, the continuous addition of solutions during the experiment may have led to dilution of the samples, thereby impairing the quality of the analysis. The influence of the initial pH without adsorbent addition was also investigated, as previously reported in literature (Hibino 2004; Yang et al. 2006; Lv et al. 2006; Yang et al. 2005; Inacio et al. 2001 ). In the experiments carried out in the present work, the initial pH of the CA solutions was set at 2.5 through the use of HCl solutions (0.1 M and 1.0 M). However, no significant differences were observed compared to the results without initial pH adjustment and consequently experiments were performed by merely monitoring the pH.
The results obtained using CA dissolved in distilled water are shown in Figure 4 . It can be seen that in the experiment carried out with uncalcined hydrotalcite (HT63), only a slight increase in adsorption with distilled water (C*/C 0 = 0.781) was observed compared to that with the buffer (C*/C 0 = 0.840), for which the data are shown in Figure 3 . A decrease in equilibrium time (t*) can also be observed, together with more significant adsorption by the calcined adsorbents. The adsorption properties of adsorbents are directly related to both porosity and surface area. Some authors have also reported an expansion in the porous structures of LDHs as a result of calcination, given the increase in their surface areas and pore volumes (Yang et al. 2005; Crepaldi and Valim 1998) . Calcined LDHs usually show higher adsorption capacities and adsorption efficiencies than the corresponding uncalcined materials, because of the higher surface areas and anion adsorption of the calcined hydrotalcites. When calcined LDHs are placed in contact with anion-containing aqueous media, they rapidly re-hydrate and adsorb the anions (Yang et al. 2006; Crepaldi et al. 2002) . This phenomenon occurs when LDHs, which usually contain carbonate anions in the interlayer spaces, are calcined at temperatures which are high enough to eliminate most of the interlayer anions and are then brought into contact with solutions containing the same or different anions. This property highlights the re-use and recycling potential of LDH adsorbents which is essential for scaled-up applications (Yang et al. 2005) . Several literature reports have described the use of calcined LDHs (many of them hydrotalcites) for the adsorption of organic and inorganic anions (Dadwhal et al. 2009; Laguna et al. 2007; Yang et al. 2006; Lv et al. 2006; Orthman et al. 2003) .
Moreover, the increased capacity of the calcined adsorbent led to the adsorption of all the CA present in the solution. Nevertheless, equilibrium was not attained in the systems studied since the number of negative sites in the calcined hydrotalcites was probably higher than that necessary to adsorb all the CA anions in solution. Qualitative analyses may be useful in evaluating the potential of different adsorbents. Better phenomenological understanding of the process is also desirable, including additional data regarding equilibrium, as well as kinetics and mass transport features which would enable more precise mathematical modelling of the process, marking an important step towards scaling and industrial feasibility. For these various reasons, experiments employing different solid/liquid ratios undertaken.
Some researchers using LDHs in batch systems have adopted low ε st values, e.g. 0.1 mg/m (Yang et al. 2005 ), 1.0 mg/m (Lv et al. 2006) An ε st value of 15.0 mg/m was used in the present work, the results obtained being shown overleaf in Figure 5 . Since this solid/liquid ratio led to better results, it was adopted for subsequent studies. The adsorption behaviour of the HT63c and HT70c hydrotalcites gave the most suitable results. However, the use of the HT63c adsorbent may not be suitable for practical applications because of the increase in the pH to undesirable levels (pH ≈ 11.5) and the fact that CA is very sensitive to high pH values. The HT70c hydrotalcite was therefore selected for subsequent work because it presented a better adsorption profile with considerably low equilibrium concentrations (C*/C 0 ≈ 0.05), together with an equilibrium time of 1000 min which was one-half that of the HT30c hydrotalcite.
Characterization
The surface morphology of the HT70c particles may be seen from the SEM image shown in Figure 6 overleaf. According to the powder XRD patterns depicted below in Figure 7 , the HT70 hydrotalcite [Mg-Al-CO 3 ] was well-crystallized. The diffraction peaks exhibited were typical of this LDH-type structure (hydrotalcites). The characteristic reflections can be separated into two groups: symmetric reflections for the (003), (006), (110) and (113) planes, and wide and asymmetric reflections for the (102), (105) and (108) planes (Dupin et al. 2004; Carja et al. 2002; Vaccari 1998; Beres et al. 1997) . The interlayer distance calculated from the d(003) spacing for HT70 hydrotalcite was 0.78 nm. Other authors have reported similar values for hydrotalcite-like materials (Laguna et al. 2007; Dupin et al. 2004 ). X-Ray diffraction also showed that the structure of HT70c collapsed upon heating the material to 500 °C, yielding a mixed oxide MgAlO for which the peaks at 2θ values of 43.3°and 62.9°were clearly resolved (Laguna et al. 2007 ). The FT-IR spectrum of the HT70c adsorbent is shown in Figure 8 overleaf. The broad absorption peak between 3600 and 3300 cm −1 is due to the vibration of structural -OH groups arising from the brucite-like structure generated by hydrogen-bonding with water molecules. Peaks at ca. 1629 cm −1 are due to the bending of water molecules, while those at ca.1397 and 664 cm −1 may be attributed to carbonate ions. This spectrum suggests that some of the water molecules and carbonate anions were still present after calcination, probably due to the adsorption of water and carbon dioxide when the hydrotalcite was cooled in the atmosphere during the calcination process (Yang et al. 2005) .
Equilibrium studies
Analysis of the adsorption isotherm data is important in developing an equation which will accurately represent the results and which may be used for design purposes (Ho and McKay 1998) . The regressions of the experimental data at different temperatures are shown overleaf in Figure 9 . According to the explained variance (R 2 ) of the models (Table 3) , the most satisfactory fit was achieved with the linear model. The adsorption coefficients (K) are listed in Table 3 . It can be seen that the higher the temperature, the higher the amount adsorbed, thereby suggesting endothermic behaviour for the adsorption of CA onto the HT70c adsorbent. A possible explanation for this phenomenon may be a higher degree of molecular dispersion in the solution and therefore a higher interaction between the CA molecules and the HT70c surface. Various authors have also reported endothermic processes in anion adsorption systems using these adsorbents (Lv et al. 2006; Yang et al. 2005; Pavan et al. 1998 ). On the other hand, Barboza et al. (2003) reported a study of CA adsorption in batch systems using the IRA-400 anion-exchanger which resulted in a decrease in the amount adsorbed with increasing temperature.
Small temperature variations led to a significant increase in the adsorption capacity, whereas the thermal sensitivity of CA led to increasing denaturation at higher temperatures. Hence, a compromise between adsorption rate and denaturation rate must be considered in order to minimize loss and maximize separation efficiency.
Thermodynamic mechanism
The thermodynamic approach can provide information on the effect of temperature on the reaction kinetics. Classical thermodynamic relationships, such as the Gibbs' free energy change, the standard enthalpy change and the standard entropy change, which are derived from the thermodynamic principle of equilibrium (dG t = 0 at constant temperature and pressure) (Barboza et al. 2003) , can be used to gain important insights into the process. Using the adsorption coefficient K from the above linear model for each temperature, the Gibbs' free energy change (∆G 0 ) can be calculated via equation (6) (Asouhidou et al. 2009 ):
while the standard enthalpy change (∆H 0 ) and standard entropy change (∆S 0 ) of the process can be obtained from the fundamental relationship expressed in equation (7):
As a consequence, it is possible to employ the linear relationship between the equilibrium constant and the temperature for the estimation of thermodynamic parameters such as ∆G 0 , ∆H 0 and ∆S 0 according to equation (8): (8) This relationship is also known as van't Hoff's equation and can be used by assuming K c = K since K c = q*/C* (Zawani et al. 2009 ). The variance of the linear regression (R 2 = 0.990) indicates that the model provided a satisfactory fit to the experimental data, with the respective parameters being listed in Table 3 .
The calculated Gibbs' free energies were 2.100, 1.301, 0.503 and -0.295 kJ/mol for 16.5, 19.0, 21.5 and 24.0 °C, respectively. According to these values, the spontaneous adsorption process which occurs when ∆G 0 is negative may only be observed at temperatures above 24.0 °C. The endothermic nature of the process in the present study may be confirmed by the positive ∆H 0 values. The calculated values for the standard enthalpy and entropy changes were ∆H 0 = 94.602 kJ/mol and ∆S 0 = 0.319 kJ/(mol K), respectively.
The diffusion of organic solutes within porous adsorbents can be an endothermic or an exothermic process (Khraisheh et al. 2002) . Some authors have attributed the increasing adsorption capacity to the enhanced mobility and penetration of molecules within the porous structure of the sorbent, overcoming the activation energy barrier and enhancing the rate of intraparticle diffusion (Asouhidou et al. 2009 ). Because diffusion is an endothermic process, the rate of organic solute uptake by porous solids will often increase with increasing temperature (Khraisheh et al. 2002) . The positive value of ∆S 0 obtained indicates an increase in the degree of freedom of the adsorbed CA molecules. Another possible explanation for the positive ∆H 0 and ∆S 0 relates to two processes: (i) the exchange of solvent (water) molecules previously adsorbed and (ii) the adsorption of CA molecules. Each CA molecule must displace more than one molecule of water. The net result corresponds to an endothermic process, i.e. positive values of ∆H 0 and ∆S 0 (Khraisheh et al. 2002) .
Other studies have reported a different thermodynamic behaviour for the adsorption of CA (∆H 0 = -29.150 kJ/mol and ∆S 0 = 0.076 kJ/(mol K). However, in this case, the anionic resin IRA-400 was employed as the adsorbent, which led to an overall process which was exothermic in nature (Barboza et al. 2003) .
Another possible explanation regarding the thermodynamic aspects relates to the limitation of the mass-transfer process. Several processes have been characterized as intra-particle et al. 2002) . Others have associated high ∆H 0 values (> 30 kJ/mol) to reaction-controlled processes (Lv et al. 2006; Ho and McKay 1998) . Thus, since relatively high values were found for this parameter in the present studies, CA adsorption by LDH systems may be considered to be a reactioncontrolled process.
CONCLUSIONS
The most favourable conditions for CA adsorption in a batch system employing hydrotalcite adsorbents have been determined. These included using distilled water as the solvent for the CA solutions and employing a solid/liquid ratio, ε st , of 15.0 mg/m . Factorial design technique was used as a tool for estimating the mass of CA hydrolyzed in adsorption assays. Experimental parameters which had the highest influence on CA hydrolysis were temperature and pH, whereas the buffer concentration had no significant effect at the levels studied. It has been shown that calcined hydrotalcite containing 70% MgO exhibited the best adsorption profile. The most suitable model for fitting the experimental equilibrium data was the linear model. Increasing temperature caused an increase in the adsorption capacity of the hydrotalcite adsorbent, thereby suggesting that the process was endothermic in nature. The values of the estimated thermodynamic parameters confirmed that CA adsorption by hydrotalcite was an endothermic and spontaneous process at room temperature. The process was also considered to be a possible reaction-controlled mass transport process. These results show that hydrotalcite may be an excellent alternative adsorbent for CA separation from fermentation broths.
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